Community-acquired pyogenic liver abscess caused by Klebsiella pneumoniae is an emerging infectious disease. We explored the capsular polysaccharide synthesis (cps) regions of three non-K1, non-K2 K. pneumoniae strains, A1142, A7754, and A1517, from Taiwanese patients experiencing pyogenic liver abscess. Two of the strains, A1142 and A7754, belonged to capsular serotype K57, while the third belonged to a new capsular serotype, different from the previously reported 77 serotypes. Deletion and complementation experiments suggested that a unique K57 gene, a homologue of wzy, was essential for K57 capsular synthesis and confirmed that this gene cluster was a genetic coding region for K57. Compared to K1 and K2 strains, the three strains were all serum sensitive, suggesting that host factors might also be involved in the three patients. PCR using primers from specific genes for K57 was more sensitive and specific than traditional serotyping. The remaining strain, A1517, did not react to the antisera from any of the 77 serotypes, and none of the 77 reference strains reacted to the serum against this strain. Moreover, PCR analyses using various primer pairs from the serotype-specific open reading frames did not reveal cross-reactivity to any of the 77 reference strains, suggesting that this strain likely represents a new capsular type. We conclude that sequences from these two cps regions are very useful in detecting K57 and the new cps genotype.
PCR product cloning (Epicentre, Madison, WI) in accordance with the manufacturer's instructions. We purified the plasmid and performed in vitro transposition with an EZ-Tn5 KAN-2 insertion kit (Epicentre), following the recommended procedures. Transposon insertion clones with randomly interspersed primer-binding sites provided a population of DNA-sequencing templates. Primers KAN-2 FP-1 and KAN-2 RP-1, with complementary sequences facing outward from the transposon, were used for sequencing. In addition, the gaps were filled by primer walking and multiple sequencing reactions to complete the entire sequences (3, 35) .
To extend the 5Ј and 3Ј conserved regions (from galF to gnd), primers pregalF-F, yegH, post gnd R, and ugd were designed according to the conserved regions upstream and downstream of the cps region; primers 9534 cps 5ЈR, 13-730F, 1517 conserve 5ЈR, and 1517 conserve 3ЈF were designed according to the A1142 or A1517 cps sequences that we read ( Fig. 1 and Table 2 ). The pre-galF-F and 9534 cps 5ЈR primers were used for the A1142 5Ј cps region amplification, and the 13-730F and post gnd R primers were used for the A1142 3Ј cps region. However, primers yegH and 1517 conserve 5ЈR and primers 1517 conserve 3ЈF and ugd were used for amplification of the A1517 5Ј and 3Ј cps regions, respectively, because we failed to obtain PCR products by using primers pre-galF-F and post gnd R. PCR amplifications were also performed with the Long and Accurate PCR system as described earlier in the text. The cycling program was 96°C for 3 min, followed by 30 temperature cycles of 96°C for 30 s, 52°C for 15 s, and 72°C for 2 to 5 min. A final elongation step of 10 min at 72°C was added. The products were sequenced to complete the sequences of the cps region (from galF to gnd). The full sequences of the cps regions in these strains were approximately 20 kb.
PCR-based genotyping of cps (cps PCR genotyping).
From the sequences of cps regions in A1142 and A1517, we designed primers for the cps variable region to clarify the cps genotypes of these strains. PCR was performed by using 77 serotype K reference strains (Statens Serum Institute, Copenhagen, Denmark) as a template and the designed primers for cps PCR genotyping. Primers 9471F and 9897R and primers 1142XF and 1142XR were used in A1142 cps PCR FIG. 1. Genetic alignment of the capsular polysaccharide synthesis (cps) region and the primers used in PCR amplification of cps regions. Arrowheads indicate primers for the first amplification. Black arrows and gray arrows indicate primers for extending the cps regions of A1142 and A1517, respectively. genotyping (see Fig. 3A ), and six pairs of primers (1517XF and 1517XR, 1517YF and 1517YR, 12R STAR and 12 STAR, 1517YF and 15R-2, 7R STAR and 7 STAR, and 3-2 and 12R-2) were used in A1517 cps PCR genotyping (see Fig.  3B ). In brief, 3 l of an overnight bacterial culture was added to 10 l of water and boiled for 15 min to release DNA. We added 2 l of 10ϫ buffer, 2.5 U Taq polymerase (Bioman, Taipei, Taiwan), deoxynucleoside triphosphates at final concentrations of 0.1 mM each, and primers at final concentrations of 0.4 mM each to the 13 l of the boiled DNA to produce a final volume of 20 l. The PCR conditions were 96°C for 3 min, followed by 30 temperature cycles of 96°C for 30 s, 53°C for 15 s, and 72°C for 30 s. Construction of an unmarked K. pneumoniae deletion mutant. To obtain cps mutant strains of A1142 (K57), the method of Link et al. (19) and a pKO3-Km plasmid with a temperature-sensitive origin were used. Briefly, a kanamycin resistance cassette from a pUC4K plasmid (33) was digested by AccI and ligated to an AccI-digested pKO3 plasmid to produce a plasmid designated pKO3-Km. Primers 9471F (952 bp upstream of wzy) and R5 (824 bp downstream of wzy) were designed to amplify the target gene wzy and its flanking region. The amplified products were cloned to a pGEM-T Easy vector, followed by inverse PCR and then self-ligation, resulting in the deletion of the entire wzy gene, and the flanking regions remained intact. The flanking regions of wzy were digested by NotI and ligated into a NotI-digested pKO3-Km vector. Plasmid pKO3-Km ⌬wzy was transformed into A1142 by electroporation. Integration (43°C) and excision (30°C) of this plasmid can result in wild-type or mutant strain formation, which is confirmed by PCR (19). The wzy mutant strain of A1142 was further confirmed using different pairs of primers.
trans-Complementation. The intact wzy gene and its ribosomal binding site were cloned to a modified pGEM-T Easy vector, which contains an insertion of a kanamycin cassette from a pUC4K plasmid into the NdeI site. Additionally, a lac promoter was ligated to the SacII site upstream of the wzy gene. The plasmid was purified and transformed to the wzy mutant of A1142. trans-Complementation strains were selected by LB agar plates supplemented with 50 g/ml kanamycin.
Serotyping with agglutination and double immunodiffusion. Capsular serotypes were initially examined with Seiken antisera directed toward Klebsiella serotypes K1 to K6 (Denka Seiken, Tokyo, Japan) by agglutination, as previously described (6) . Briefly, bacteria were cultured overnight in Worfel-Ferguson's medium (0.2% yeast extract, 0.2% sodium chloride, 0.1% potassium sulfate, 0.025% magnesium sulfate, and 2% sucrose). The bacterial cells were resuspended in saline. One loopful of a capsular suspension of the bacteria was mixed with serotype-specific antiserum (K1 to K6). Then, the agglutination results were read at 1 min. Detailed serotyping was performed by using a double immunodiffusion assay (6). In brief, approximately 4 ϫ 10 9 bacteria harvested to the extract capsule were exposed to serotype-specific antiserum. The 77 serotype K antisera and the 77 serotype K reference strains used in this study were purchased from Statens Serum Institute, Copenhagen, Denmark.
Serotyping with immunoblot analysis. Ten microliters of each capsular extract was vacuum spotted onto a nitrocellulose membrane by means of a dot or slot blot device. The membrane was overlapped with a piece of filter, and both were rinsed with Western transfer buffer containing 47.8 mM Tris, 38.6 mM glycine, 20% methanol, and 0.037% sodium dodecyl sulfate. The membrane was dried, and nonspecific sites were blocked by soaking them in 1ϫ phosphate-buffered saline with 0.5% Tween 20 (PBST) plus 5% milk for 1 h at room temperature. The membrane was then incubated with serotype-specific antiserum purchased from Statens Serum Institute or anti-A1517 antiserum (which was generated by immunizing a rabbit with formaldehyde-treated whole-bacterial cells as a primary antibody [1:5,000 dilution for antiserum]), dissolved in PBST plus milk at 4°C overnight, washed four times with PBST for 10 min each time, incubated with secondary antibody conjugated with horseradish peroxidase (HRP) (goat anti-rabbit immunoglobulin G [IgG]-HRP; 1:10,000) for 1 h at room temperature, and washed three times with PBST for 10 min each time. Enhanced chemiluminescence reagent was added for 3 min, and the membrane was exposed to X-ray film in the dark room.
cps PCR-RFLP analysis. The cps PCR-restriction fragment length polymorphism (RFLP) method was performed as previously described (4) . Briefly, the cps genomic regions of A1517, Canada 05-14, A1142, A7754, and the K57 reference strain were amplified with primers CPS-1 and rCPS or primers wzi2 and rCPS2 ( Fig. 1 and Table 2 ). The amplified products were digested by HincII, and the restriction DNA fragments were separated by electrophoresis in a 1.5% agarose gel.
Serum resistance assay. The serum resistance assay of K. pneumoniae strains was performed as previously described (9) . Briefly, an inoculum of 2.5 ϫ 10 4 CFU bacteria was mixed with human sera from healthy volunteers at a 1:3 volume ratio. The mixture was incubated at 37°C for 3 h. After serial dilution and plating, the numbers of CFU were determined.
Nucleotide sequence accession numbers. The nucleotide sequences of the cps regions in A1142 (K57) and A1517 were deposited in the GenBank database under accession numbers AB334776 and AB334777, respectively.
RESULTS
Capsular serotypes of A1142, A7754, and A1517. Initially, the cps genotypes of the clinical isolates A1142, A7754, and A1517 were PCR screened with K1-or K2-specific primers (6, 7, 10, 11) , and capsular serotyping was also performed using the Klebsiella antiserum Seiken, which has K1 to K6 serotypespecific antisera. However, none of these strains revealed positive results (data not shown).
cps sequencing. Since these strains did not belong to capsular serotype K1 or K2, both of which are more prevalent among patients with liver abscess, we further compared the cps sequences which are conserved between different serotypes of K. pneumoniae and designed the conserved primers for PCR amplification of the cps regions in these non-K1, non-K2 strains.
Five primers in the 5Ј cps conserved region and five primers in the 3Ј cps conserved region were designed for PCR ampli- fication (Fig. 1) . Sharp banding of 10-to 20-kb DNA fragments in the A1142 and A7754 strains was obtained from primers CPS-F and CPS-R2, while that in A1517 was obtained from wzi-2 and gnd-R. After cloning and in vitro transposition, DNA sequencing was performed. Since A1142 and A7754 have similar sequences according to the results of DNA sequencing (2,451 bp upstream of gnd were read, and only 5 nucleotides were different), it was suggested that these strains belonged to the same cps genotype. For this reason, DNA sequencing was continued for A1142 and A1517. Finally, the 5Ј and 3Ј ends of the cps region were further amplified by PCR using the primers shown in Fig. 1 and then sequenced. The open reading frames (ORFs) of the complete cps regions in A1142 and A1517 and their predicted functions, by comparison with the sequences of NTUH-K2044 (K1), MGH78578 (K52), and Chedid (K2) (Fig. 2 and Tables 3 and 4), suggested that this region was responsible for capsular polysaccharide synthesis.
cps PCR genotyping. Based on our sequencing results for serotype-specific regions, we designed primers for cps PCR genotyping. PCR was performed using 77 serotype K reference strains obtained from the Statens Serum Institute with A1142-or A1517-specific primers (Fig. 3A and B) . Only reference strain K57 yielded a positive PCR result with primers 9471F and 9897R. The same result was obtained by another primer pair, 1142XF and 1142XR (Fig. 3A and data not shown) . The data indicated that A1142 and A7754 belonged to cps genotype K57 and that the primers were specific for K57 cps PCR genotyping. Further PCR screening was performed with primers 9471F and 9897R among 21 NTUH nonblood isolates, 13 ECKH strains, 34 FEMH strains, 24 ATCC strains, 80 Canada strains, and 1 Finland strain. Only 2 of the 13 ECKH strains (designated E7 and E12) and the Finland strain have positive results (data not shown). Six pairs of specific primers were used in A1517 cps PCR genotyping (Fig. 3B) . Unexpectedly, none of these reference strains displayed positive results (data not shown), implicating A1517 as unique among the 77 serotypes (25) . Further PCR screening was performed with primers 12R STAR and 12 STAR, among other isolates described above, and only one of the Canada strains (designated Canada 05-14) showed a positive result (data not shown), which suggested that they belonged to same cps genotype.
Serotyping of K57 cps genotype strains. A double immunodiffusion assay was performed to confirm the cps PCR genotyping results for A1142. However, compared to what was found for the K57 reference strain, different dilutions of A1142 capsular extracts formed very weak precipitation lines with anti-K57 antiserum (Fig. 4) , leading us to utilize an immunoblot strategy for serotyping. Immunoblot serotyping of the K57 reference strain, A1142, and A7754 revealed strong and clearly positive results (Fig. 5A, 1a to 3a) , compared with those for the negative controls NTUH-K2044 (K1) and MGH78578 (K52) (Fig. 5A, 4a and 5a ). Immunoblot serotyping was also performed by use of other PCR-positive strains, the E7, E12, and Finland strains, and four of the PCR-negative strains (randomly selected), ATCC 35597, 0708 (NTUH nonblood isolate), E13 (ECKH strain), and YD20 (FEMH strain). Similar results were obtained, as the E7, E12, and Finland strains showed strong positive signals compared to the PCR-negative strains (Fig. 5B) .
Characterization of the K57 determinant gene of the cps region in A1142. An unmarked deletion mutant of the wzy gene located in the cps variable region of A1142 (K57) was gener- ated in this study. Presently, the wzy mutant of A1142 lost mucoviscosity with a string test (9) , implying that capsule synthesis was attenuated. This mutant strain also showed negative results for anti-K57 antiserum by immunoblot serotyping; in complementation, experiments involving transformation by a wzy-carrying pGEM-T Easy-Km vector restored K57 positivity (Fig. 5A, 1b to 3b) . Therefore, wzy was essential for capsular serotype K57, and we also confirmed that this gene cluster was a K57 capsular synthesis region. Serotyping of A1517. The initial serological assay of A1517 with 77 antisera from Statens Serum Institute showed only a preliminary reaction to capsular serotype 79. However, confir- mation by double immunodiffusion and immunoblot analysis was negative with anti-K79 antiserum (Statens Serum Institute) (data not shown). Moreover, antiserum against A1517 failed to react with 77 reference strains in immunoblot analysis (only K25, K53, K55, K56, and K58 had weak reactions with anti-A1517 antiserum) ( Fig. 6A, 4d ; B, 5d; and C, 1a, 2a, and 4a, respectively), and Canada 05-14, which was considered to be of the same cps genotype as A1517 by cps PCR genotyping, showed a strong positive reaction with anti-A1517 antiserum (Fig. 6C, 8d) . Therefore, both the cps genotype and the capsular serotype observation suggested that A1517 was probably a new serotype, not belonging to any of the 77 documented serotypes. cps PCR-RFLP analysis. The A1517 and Canada 05-14 strains were amplified with primers CPS-1 and rCPS. The patterns of HincII-digested fragments of these strains were undistinguishable (data not shown). Moreover, the cps PCR-RFLP pattern of A1517 was very distinct from those of the reference strains of K25, K53, K55, K56, and K58, which had weak reactions with anti-A1517 antiserum (4). Also, sequences of the cps variable region of A1517 were very similar to those of Canada 05-14 (only 1-nucleotide difference in 2,479 bp upstream of gnd) but very different from those of K25, K53, K55, K56, K58, and K79 (Ͻ10% nucleotide similarity in 1.8 kb upstream of the gnd sequences), implying that A1517 belonged to a new cps genotype, not among the 77 reference strains.
Because we failed to amplify the cps region of the reference K57 strain with primers CPS-1 and rCPS, amplified products from the reference K57 strain with primers wzi2 and rCPS2 were used. Together with those of A1142 and A7754, their cps PCR-RFLP patterns were compared. The pattern of HincIIdigested fragments of K57 was quite different from that of A1142 or A7754, while those of A1142 and A7754 were similar to each other (Fig. 7) . Nevertheless, sequencing results showed that the cps variable region of the reference K57 strain was very similar to that of A1142 (4,323 bp from wbaP to ORF10Ј were read, and only 44 nucleotides were different) and represented the same gene product.
Serum sensitivity of A1142, A7754, and A1517. After incubation with serum for 3 h, the CFU counts in A1142, A7754, and A1517 decreased to about 1%, 20%, and 4%, respectively, of those in the initial inoculum. Therefore, the three strains were all serum sensitive.
DISCUSSION
A previous survey from Australia on the serotypes of 293 K. pneumoniae isolates (13) reported that 88 isolates (30%) were nontypeable by countercurrent immunoelectrophoresis (27) , while 54 had a positive reaction for more than one serotype. Likewise, we had similar difficulties in serotyping using double immunodiffusion (26) , as this study revealed. We initially confirmed the cps PCR genotyping results of the A1142 (K57) strain by double immunodiffusion. However, an ambiguous precipitation line was formed by our clinical isolate in contrast to that for the K57 reference strain. This may have been due to Compared with double immunodiffusion and countercurrent immunoelectrophoresis, which are usually used for identifying the serotypes of K. pneumoniae, the modified immunoblot serotyping method presently employed showed an increased sensitivity and reduced the consumption of antiserum. Nevertheless, this method did not increase specificity. The result of immunoblot analysis with anti-A1517 antiserum also showed several cross-reactions. However, DNA sequences were different among A1517 and these known serotypes. These observations were consistent with our cps PCR genotyping result. Therefore, cps PCR genotyping seems to be a more sensitive and specific way for detecting this serotype. A recent study has reported a molecular serotyping method, cps PCR-RFLP analysis, which has a higher discriminatory power than classical serotyping (4) . Notably, cps PCR-RFLP pattern variations were found among strains with the same K Immunoblot serotyping of Klebsiella pneumoniae A1517. Anti-A1517 antiserum was used as the first antibody and goat anti-rabbit IgG-HRP as the second antibody. (A) 1a to 7a, K1 to K7; 1b to 7b, K8 to K14; 1c to 7c, K15 to K21; 1d to 6d, K22 to K27; 7d, A1517. (B) 1a to 7a, K28 to K34; 1b to 7b, K35 to K41; 1c to 7c, K42 to K48; 1d to 6d, K49 to K54; 7d, A1517. (C) 1a to 7a, K55 to K61; 1b to 7b, K62 to K68; 1c to 4c, K69 to K72; 5c, K74; 6c and 7c, K79 and K80; 1d and 2d, K81 and K82; 3d, A1517; 8d, Canada 05-14.
serotype (4) . This phenomenon was also observed in our study. The cps PCR-RFLP pattern of reference strain K57 was quite different from those of our clinical isolates A1142 and A7754. Nevertheless, sequencing results revealed that their sequences in the cps variable region were very similar and carried the same gene products. Therefore, strains belonging to the same capsular serotype but having different cps PCR-RFLP patterns may be differentiated by this strategy; however, this may also make the interpretation of cps genotyping more complicated. Thus, PCR-based cps genotyping may provide a simple way to detect capsular type, at least for this serotype, in clinical use.
Determination of the genetic composition of the K57 cps region has identified the specific genes for capsular serotype K57 by comparison with the sequences of NTUH-K2044 (K1), MGH78578 (K52), and Chedid (K2) (2, 6, 30) . galF, ORF2, wzi (orfX), wza, wzb, wzc, and gnd were conserved genes among the different serotypes, even in different species, while wbaP and wbaZ were relatively specific in some serotypes (10) . The ORFs from wzx to ORF14Ј, except ORF13Ј (transposase) in A1142 (K57), were variable regions specific for serotype K57.
In the conserved region, galF, ORF2, and gnd are considered to be involved in carbohydrate metabolism (36) ; wzi (orfX), wza, wzb, and wzc are considered to be responsible for the translocation and surface assembly of the capsule (30, 36) .
The structure of the capsular polysaccharide from Klebsiella serotype K57 has been resolved as
This (14) is agreement with the predicted functions of some genes in the cps region of K57. For example, one of the genes within the cluster shares high homology (78% identity) with wbaP, one of a family of undecaprenolphosphate hexose-1-P transferase enzymes that initiate the formation of a variety of cell surface polysaccharides in both gram-negative and grampositive bacteria. These polymers all contain glucose or galactose in their repeat unit structures (36) . Also evident is a homologue (71% identity) of wbaZ encoding mannosyltransferase that may be involved in a mannose-containing linkage region in the repeat unit of Klebsiella K57. The wzy gene family encodes an O-polysaccharide polymerase that recognizes and extends the O-antigen polysaccharide-repeating units (31) . This protein was also postulated as a polymerase responsible for lipid-linked repeat unit polymerization in the capsular synthesis process (36) . In this study, the deletion mutant of the wzy gene in A1142 decreased mucoviscosity and turned negative for anti-K57 antiserum, suggesting that this gene was essential for capsular synthesis of serotype K57. Therefore, the predicted functions of the cps region and the genetic result imply that this gene cluster was a K57 capsular synthesis region.
In addition to the conserved genes, galF, ORF2, wzi (orfX), wza, wzb, wzc, and gnd, wbaP was also present in the A1517 cps region. The rest of the genes, ORFs 8Љ to 15Љ, seemed to be unique for this cps genotype, encoding three hypothetical proteins with unknown functions, one putative polysaccharide export protein, and four putative glycosyltransferases (one was predicted as rhamnosyltransferase, implying that there exists rhamnose in the structure) that are probably responsible for the unique repeat unit synthesis.
Patients with pyogenic liver abscess caused by non-K1 K. pneumoniae are considered to be associated with diabetes mellitus, compared to those with infections caused by serotype K1 (10) . Presently, we observed that strains A1142, A7754, and A1517 display serum sensitivity by a serum resistance assay (9) . For this reason, they were considered less virulent than serotype K1 and K2, which are resistant to serum killing. Moreover, strains A7754 and A1517 were obtained from patients whose diabetes mellitus was poorly controlled (HbA1C Ͼ 9%), implicating host factors as more predominant than bacterial virulence in invasive infection by these K. pneumoniae strains.
The current study provided a rapid and accurate PCR-based cps genotyping method for detecting cps genotype K57 and a new cps genotype, A1517. The variable regions seem to be FIG. 7 . cps PCR-RFLP analysis of the A1142, A7754, and K57 reference strains. cps regions were amplified with primers wzi2 and rCPS2. Strain names are indicated above the lanes. Lane M, marker (in base pairs).
VOL. 46, 2008
K. PNEUMONIAE K57 AND A NEW CAPSULAR SEROTYPE 2239 unique for each serotype, including K1, K2, K5, K20, and K54 (10, 32, 37, 39) , and PCR-based cps genotyping has been widely used since the DNA sequences of the cps region have been available (7, 11, 15, 22, 32) . Therefore, if the cps sequences of the remaining reported serotypes can also be resolved, primers specific for their variable regions can be used in cps PCR genotyping. This may provide a new way to "genotype" an unknown capsular type strain instead of serotyping but will require validation with several strains of each serotype to determine specificity and sensitivity.
